We used the Atacama Large Millimeter Array (ALMA) to survey the fine-structure line of singly ionized carbon (\[CII\] at 158 μm) and its underlying continuum emission in high--redshift quasars in the Southern sky (declination \< 15°). The \[CII\] line, a strong coolant of the interstellar medium, is the brightest FIR emission line at these frequencies\[[@R9],[@R15],[@R16]\]. It arises ubiquitously in galaxies, therefore it is an ideal tracer of the gas morphology and dynamics in the quasar hosts. The FIR continuum emission is associated with the dust-reprocessed light from young stars, and therefore is a measure of the dust mass and puts constraints on the SFR of the host galaxies. The parent sample includes 35 luminous (rest-frame 1450 Angstrom absolute magnitude \< -25.25 mag) quasars at *z*\>5.95 (i.e., for which the redshifted \[CII\] line would fall in ALMA band 6), mostly selected from the Pan--STARRS1 survey\[[@R17]\]; of these, 25 targets were observed with ALMA, all in single pointings with similar depth (0.6-0.9 mJy beam^-1^ per 30 km/s channel). The survey resulted in a very high detection rate (\>90%) both in the continuum and line emission from the quasar host galaxies.

We searched the data cubes (in projected sky position and frequency or redshift) for additional sources in the quasar fields. The field of view of ALMA at these frequencies is about 25", or 140 physical kpc at the mean redshift of the quasars (assuming a Lambda Cold Dark Matter cosmology with *H*~0~=70 km/s Mpc^-1^, *Ω*~m~=0.3, *Ω*~Λ~=0.7). The detection algorithm and strategy follows previous work with ALMA data\[[@R18]\]. We imposed a conservative significance threshold of 7-σ (*L*~\[CII\]~\~10^9^ L~sun~), which excludes any contamination from noise peaks. This search resulted in the discovery of four bright line-emitting sources around four of the targeted quasars, shown in [Figure 1](#F1){ref-type="fig"}. The modest frequency differences with respect to the nearby quasars, the brightness of the lines compared to the underlying continua, and the lack of optical/near-infrared counterparts (suggesting that the companion sources reside at high redshift, see [Figure 1](#F1){ref-type="fig"}) imply that the detected lines are also \[CII\]. Furthermore, chance alignments of low-*z* CO emitters are expected to be \>20 times rarer at these fluxes\[[@R18]\]. These newly-detected galaxies are also seen (at various degrees of significance) in their dust continuum emission. The line and continuum fluxes are comparable to, and in some cases even brighter than those of the quasars (see [Table 1](#T1){ref-type="table"}), although the companion sources are not detected in near-infrared images (sampling the rest-frame UV). Any potential accreting supermassive black holes in these companions would thus be at least one order of magnitude fainter than the quasars, or strongly obscured (see [Figure 1](#F1){ref-type="fig"}).

Two quasars (J0842+1218 and J2100-1715) show a companion source at about 50 kpc in projected separation, with line-of-sight velocity differences of 440 km/s and 40 km/s, respectively. This suggests that the respective quasar--companion pairs lie within a common physical structure, and might even be at an early stage of interaction. The \[CII\] lines in these quasar companions have luminosities of \~2x10^9^ L~sun~. The marginally-resolved beam-deconvolved size of the \[CII\]-emitting region is \~7 kpc and \~5 kpc in these two galaxies. A Gaussian fit of the line profile yields a line width of 370 km/s and 690 km/s, comparable to those of sub-mm galaxies at lower redshift\[[@R9],[@R19]\]. The implied dynamical masses of the companions within the \[CII\] emission regions are in the range (1-3)x10^11^ M~sun~ (see [Table 1](#T1){ref-type="table"}). The dust continuum is only marginally detected in the companion source of J0842+1218, while it is clearly seen in the companion of J2100-1715. The other two quasars, PJ231-20 and PJ308-21, show \[CII\]-bright companions at much smaller projected separation, about 10 kpc. PJ231-20\'s companion has very bright \[CII\] and FIR continuum emission, while PJ308-21\'s companion is fainter in the \[CII\] line and is only marginally detected in the continuum. Most remarkably, the \[CII\] emission in the companion of PJ308-21 stretches over about 25 kpc (4.5") and about 1,000 km/s towards and beyond the quasar host, suggesting that the companion is undergoing a tidal disruption due to interaction/merger with the quasar host (see [Figure 2](#F2){ref-type="fig"}). This extent is twice as large as the interacting groups around the sub-millimeter galaxy AzTEC-3 and the nearby UV-selected galaxy LBG-1, at *z*=5.3\[[@R12]\]. This image maps the earliest merger of massive galaxies known, 820 Myr after the Big Bang.

Modeling the dust emission as a modified black body with dust opacity index *β*=1.6 and dust temperature *T*~dust~=47 K\[[@R20]\], we find that the FIR luminosities (corrected for the effects of the cosmic microwave background) of both the quasars and their companions are in the range (4-100)x10^11^ L~sun~, with corresponding FIR-based SFRs between 80 M~sun~/yr (PJ308-21, companion) and about 2000 M~sun~/yr (the quasar PJ231-20; see [Table 1](#T1){ref-type="table"}). The dust mass\[[@R21]\] is *M*~dust~\~ 10^8^-10^9^ M~sun~, or higher if the dust is not optically thin at 158 μm or its temperature is lower than assumed. For typical gas-to-dust ratios of about 100\[[@R22]\], this yields gas masses of 10^10^-10^11^ M~sun~. [Figure 3a](#F3){ref-type="fig"} shows the \[CII\]-to-FIR luminosity ratio as a function of the FIR luminosity. This key diagnostic shows the contribution of the \[CII\] line to the cooling of the interstellar medium: in local spiral galaxies, \[CII\] is responsible for \~0.3% of the entire luminosity of the galaxy; in ultra-luminous infrared galaxies and high-redshift starburst galaxies, its contribution can be a factor 10 lower\[[@R9],[@R15],[@R23]\]. The quasars and their continuum-bright companions in our sample show low \[CII\]-to-FIR ratios (about 0.1% or less), while the companions of J0842+1218 and PJ308-21 show higher ratios (at least \>0.15%), closer to the parameter space occupied by normal star-forming galaxies in the local universe\[[@R24]\].

[Figure 3b](#F3){ref-type="fig"} shows the average number of \[CII\]-bright galaxies observed within a given distance from a quasar in our survey. The detection of four such galaxies in 25 targeted fields exceeds the expected count rates from the (coarse) constraints (\~2x10^-4^ comoving Mpc^-3^ at *L*~\[CII\]~\>10^9^ L~sun~) currently available on the \[CII\] luminosity function at *z*\>6\[[@R25],[@R26]\] by orders of magnitudes (the survey volume within ±1,000 km/s from the quasars is only \~400 comoving Mpc^-3^). However, the high number of companion sources might be reconciled with the \[CII\] luminosity function constraints if one accounts for large-scale clustering of galaxies and quasars (such as the case of quasar--Lyman-break galaxy correlation function at *z*\~4\[[@R27]\] shown in [Figure 3b](#F3){ref-type="fig"}). Bright, high-redshift quasars therefore represent ideal signposts of the first dark matter overdensities.

Together with the quasar hosts, the newly discovered objects are the observational manifestation of rapid very early star formation in massive halos. If representative of the bright end of the \[CII\] luminosity function, they are sufficiently common to explain the abundance of massive galaxies (\~1.8x10^-5^ comoving Mpc^-3^) that are already in place by *z*\~4\[[@R1]\]. These galaxies cannot be accounted for by the much more numerous, yet significantly less star-forming z\>6 galaxies typically found in deep Hubble Space Telescope images\[[@R4]\], for which sensitive observations have ruled out significant dust-reprocessed emission\[[@R28],[@R29]\]. A potential accreting supermassive black hole in these sources, if present, is either significantly fainter than the nearby quasars, or heavily reddened. This makes them unique objects for studying the build-up of the most massive structure in the first billion years: from an observational perspective, the absence of a blinding central lighthouse allows one to characterize these massively star-forming objects in-depth. Moreover, their interstellar medium, FIR luminosities, and implied star-formation rates are less affected by any feedback processes from the central supermassive black hole. Future observations of these sources with the James Webb Space Telescope have the promise to accurately constrain their stellar masses, a key physical parameter given the young age of the Universe. Such a measurement is very difficult in the quasar hosts given their compact emission and the enormous brightness of their central accreting supermassive black holes.
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![Images and spectra of the quasars and their companion galaxies discovered in this study.\
**a)** The dust continuum at 1.2 mm from ALMA is shown by red contours, which mark the ±2 σ, ±4 σ, ±6 σ, ... isophotes, with σ = (81, 86, 65, 63) μJy per beam (left to right). The images were obtained with natural weighting, yielding beams of 1.20"x1.06", 0.74"x0.63", 1.24"x0.89" and 0.85"x0.65" (left to right), shown as black ellipses. The grey scale shows the near-infrared images of the Y- + J- (left) or J-band (otherwise) flux of the fields, obtained with (left to right) the WFC3 instrument on the Hubble Space Telescope, the LUCI camera on the Large Binocular Telescope (LBT), the SofI instrument on the European Southern Observatory (ESO) New Technology Telescope or the GROND instrument on the Max Planck Gesellschaft (MPG)/ESO 2.2-m telescope. The quasars are clearly detected in their rest-frame UV emission probed by these images, but their companion galaxies are not, implying that any potential accreting black holes, if present, are either intrinsically faint or heavily obscured. **b)** Continuum-subtracted ALMA \[CII\] line maps are shown as black contours, which mark the ±2 σ, ±4 σ, ±6 σ, ... isophates, with σ = (0.13, 0.11, 0.15, 0.03) Jy km s^-1^ per beam (left to right). The colour scale shows the image of the 1.2-mm continuum flux density. Black ellipses are as in a. The width of each image in a and b corresponds to 15" (about 80 kpc at the redshift of the quasars). **c)** Spectra of the \[CII\] and underlying continuum of quasars and their companions. The channels used to create the \[CII\] line maps are highlighted in yellow. The spectra are modeled as a flat continuum plus a gaussian line (red lines). The velocity differences Δ​ v between the quasar and the companion galaxy, derived from the line fit, are listed at the top of each column. The ALMA observations were carried out in compact array configuration between January 27 and March 27 2016, in conditions of modest precipitable water vapour columns (1-2 mm). In each observations, 38-48 of the 12m antennas were used, with on-source integration times of about 10 min. Nearby radio quasars were used for calibration. Typical system temperatures ranged between 70-130 K.](emss-72226-f001){#F1}

![Velocity structure in the system PJ308-21.\
**a)** Continuum-subtracted \[CII\] channel maps of PJ308-21 and its companion (contours). The underlying continuum is shown in color. The velocity zero point is set by the quasar redshift (z=6.2342). Each panel is 10"x10" in size, corresponding to about 50 kpc x 50 kpc. Contours mark the ± 2, 4, 6, ..., σ isophotes. **b)** Velocity field of PJ308-21. The isovelocity lines are marked in white (labels in km/s). The white bar marks the position at which the position-velocity diagram in panel **c)** is extracted. A clear velocity gradient is observed in the \[CII\] emission extending over 4.5" (\~25 kpc) and \>1000 km/s, connecting the companion source in the East with the quasar host galaxy and extending even further towards the West.](emss-72226-f002){#F2}

![Intensely star-forming galaxies in the first galactic overdensities.\
**a)** The \[CII\]-to-FIR luminosity ratio, a key diagnostic of the contribution of the \[CII\] line to the cooling in the star-forming interstellar medium, as a function of the FIR luminosity. Sources from the literature are shown with small symbols (blue/cyan/purple for local galaxies, yellow/orange/red for high redshift sources)\[[@R5],[@R9],[@R23],[@R24]\]. The filled symbols highlight sources at *z*\>6, with 1-σ error bars for the sources from our study. Arrows mark the 3-σ limits. The quasars examined here appear toward the FIR-bright end of the plot, consistent with other quasars observed at these redshifts. Two of the companion sources (J2100-1715 and PJ231-20) fall in the same regime. However, two companions (J0842+1218 and PJ308-21) populate a different area of the plot, where less extreme star-forming galaxies are found. **b)** The cumulative number of \[CII\]-bright companion sources identified in our survey (yellow filled circles, with Poissonian 1σ uncertainties) compared with the constraints from the luminosity function set by blind-field searches of \[CII\] at high redshift (orange 25 and grey 26 dashed lines) as a function of the sky-projected distance from the quasars. We adopt a cylindrical volume centered on the quasar and with depth corresponding to a ±1,000 km/s difference in redshift space. The ALMA field-of-view is also shown for reference (black dotted line). There is an excess by many orders of magnitudes compared with the general field expectations; however, the observed counts can be explained if the limiting case of quasar--Lyman-break-galaxy clustering measured at *z*\~4 is assumed. In this case, the large-scale clustering is modeled as *ξ*(*r*)=(*r*~0~/*r*)^*γ*^, with a scale length *r*~0~=8.83~-1.51~^+1.39^ *h*^-1^ comoving Mpc fitted for quasar-galaxy pairs at *z*\~4 at a fixed slope *γ*=2.0\[[@R27]\] (shaded area).](emss-72226-f003){#F3}

###### 

Measured and derived quantities for the quasars and their companions. The spatial coordinates, \[CII\] fluxes, and size estimates refer to the 2D gaussian fit of the continuum-subtracted \[CII\] maps. The continuum fluxes are taken from the 2D gaussian fit of the continuum maps shown in [Figure 1](#F1){ref-type="fig"}. The \[CII\] redshifts, line widths and relative line-of-sight velocity differences (Δ*v*~los~ = *v*~comp~-*v*~quasar~) are measured from the gaussian fit of the \[CII\] line in the spectra. \[CII\] luminosities are computed as *L*~\[CII\]~/L~sun~ = 1.04 x 10^-3^ *F*~\[CII\]~ *ν*~obs~ *D*~L~^2^, where *F*~\[CII\]~ is the line flux in Jy km/s, *ν*~obs~ is the redshifted frequency of the \[CII\] line in GHz, and *D*~L~ is the luminosity distance in Mpc. IR luminosities are computed by integrating, between rest-frame wavelengths 3 and 1000 μm\[[@R20],[@R30]\], a modified black body with *T*~dust~=47 K and *β*=1.6, scaled to match the observed continuum flux densities. The FIR luminosity for this template is *L*~FIR~=0.75 *L*~IR~. The star-formation rates\[[@R16],[@R30]\] are computed as *SFR*~\[CII\]~ \[M~sun~/yr\] = 3.0 x 10^-9^ (*L*~\[CII\]~ \[L~sun~\])^1.18^ and *SFR*~IR~ \[M~sun~/yr\] = 1.49 x 10^-10^ *L*~IR~ \[L~sun~\]. The dynamical masses are computed as *M*~dyn~ = size σ~\[CII\]~^2^ / G, where σ is the gaussian width of the line, and G is the gravitational constant. We caution however that the velocity field of these galaxies might be perturbed, and that the \[CII\] emission is only marginally resolved in our observations.

                                  SDSS J0842+1218   CFHQ J2100-1715   PSO J231-20      PSO J308-21                                                           
  ------------------------------- ----------------- ----------------- ---------------- ---------------- ------------------ ---------------- ---------------- ----------------
  Right ascension (J2000.0)       08:42:29.43       08:42:28.95       21:00:54.70      21:00:55.45      15:26:37.84        15:26:37.87      20:32:10.00      20:32:10.17
  Declination (J2000.0)           +12:18:50.4       +12:18:55.1       -17:15:21.9      -17:15:21.7      -20:50:00.8        -20:50:02.3      -21:14:02.4      -21:14:02.7
  *z* ~\[CII\]~                   6.0760 ±0.0006    6.0656 ±0.0007    6.0806 ±0.0011   6.0796 ±0.0008   6.58651 ±0.00017   6.5900 ±0.0008   6.2342 ±0.0010   6.2485 ±0.0005
  *m*~AB~(J)                      19.78±0.01        \>24.90 (3σ)      21.42±0.01       \>24.80 (3σ)     19.66±0.05         \>21.29 (3σ)     20.17±0.11       \>21.89 (3σ)
  *F*~cont~ \[mJy\]               0.87±0.18         0.36±0.12         1.20±0.15        2.05±0.27        4.41±0.16          1.73±0.16        1.34±0.21        0.19±0.06
  *F*~\[CII\]~ \[Jy km/s\]        1.61±0.21         1.96±0.26         1.37±0.14        2.55±0.44        2.91±0.20          4.15±0.49        3.12±0.29        0.66±0.13
  Width \[km/s\]                  410±80            370±70            340±70           690±150          390±50             475±75           540±55           110±30
  Size \[kpc\]                    6.0±1.8           7.0±1.4           4.0±0.7          4.6±1.0          5.0±0.8            7.7±1.6          4.8±0.9          6.4±1.7
  *L*~\[CII\]~ \[10^9^ L~sun~\]   1.55±0.20         1.87±0.24         1.32±0.13        2.45±0.42        3.13±0.22          4.47±0.53        3.10±0.29        0.66±0.13
  *L*~IR~ \[10^11^ L~sun~\]       22±5              9±3               31±4             54±7             130±5              51±5             36±6             5.2±1.7
  \[CII\]/FIR \[x 0.0001\]        9.5±2.3           26±9              5.5±0.9          6.0±1.3          3.2±0.2            11.6±1.7         11±2             17±6
  *SFR*~\[CII\]~ \[M~sun~/yr\]    210±30            260±40            170±20           360±70           480±40             730±100          480±50           77±17
  *SFR*~IR~ \[M~sun~/yr\]         340±70            140±50            470±60           800±100          1930±70            760±70           540±80           77±26
  *M*~dust~ \[10^8^ M~sun~\]      2.2±0.5           1.0±0.3           3.2±0.4          5.5±0.7          13.2±0.5           5.2±0.5          3.7±0.6          0.53±0.18
  *M*~dyn~ \[10^10^ M~sun~\]      13±6              12±5              5.8±2.6          27±13            9.7±2.9            22±8             18±5             0.96±0.44
  Proj. sep. \[kpc\]              47.7±0.8          60.7±0.7          8.4±0.6          13.8±1.0                                                              
  Δ*v*~los~ \[km/s\]              -443              -41               +137             +591                                                                  

The quoted quantities refer to the Eastern cloud in [Figures 1](#F1){ref-type="fig"}-[2](#F2){ref-type="fig"}. The entire \[CII\]-emitting arc seen in [Figure 2](#F2){ref-type="fig"} has a total \[CII\] luminosity *L*~\[CII\]~\~ 1.9 x 10^9^ L~sun~, and stretches over \~1000 km/s in velocity and \~25 kpc in projected physical extent.
